ABSTRACT: Fabrication of nanocrystals from their disordered solid-state precursors represents a new synthetic strategy. Compared to the widely use chemical vapour deposition and wetchemistry based methods employing gas and liquid phased precursors, the solid state transformation of disordered solid precursors to highly ordered crystal is high challenge due to the severely restricted mass transport and inadequate structural directing mechanism. Herein, we report a rapid heating triggered in situ solid-state crystal growth method capable of transforming amorphous TiO 2 nanotubes into anatase nanocrystals with well-defined facets and uniform sizes within a minute. The results obtained from in-situ transmission electron microscopy and threedimensional phase-field simulation indicate that the basic building blocks are formed through mechanical rupture of amorphous TiO 2 nanotube precursor, followed by an enhanced diffusion and concomitant oriented attachment onto TiO 2 crystal nuclei mediated by the fluorine species evolved from the rapid heating. The unique crystal growth demonstrated in this work provides an alternative synthetic means for fabrication of other nanocrystals from solid-state precursors.
Introduction
The growth of well-defined single nanocrystalline materials with desirable structuredependent mechanical, optical, electronic and electrical properties has been a central task for key research fields such as photovoltaics, catalysis, electronic devices, etc. [1] [2] [3] [4] [5] [6] To date, majority of well-defined nanocrystals have been prepared almost exclusively via wet-chemistry route 3 (hydrothermal and solvothermal methods), 7, 8 where the precursor materials/reactants can be readily diffused through the solvent media to energetically optimal locations to satisfy the needs for crystal growth. For example, TiO 2 with different nanostructures synthesized in the solutions have been applied in energy storage and environmental photocatalytic fields. [9] [10] [11] [12] In strong contrast, the mass transfer, especially long-ranged mass transfer, is severely prohibited when crystal growth is carried out through an in situ solid-state transformation process. 13 Due to the absence of effective mass transport media, in general, the mass transfer under solid-state requires sufficient thermal energy higher than the diffusion activation energy. 14 Under such conditions, a fine control of nucleation, crystal growth and the use of structure directing agent are rather difficult. 15, 16 As a result, the thermally-activated crystal growth from solid-state amorphous precursors always leads to polycrystalline materials. [17] [18] [19] In this work, we report a recently discovered rapid heating-trigged solid-state crystal formation process where the electrochemically synthesized amorphous titanate nanotubular array precursors can be instantaneously in situ converted into well-defined anatase nanocrystals under a temperature ramp of 50 o C sec -1 from the 25 to 400 o C in air. This is distinctively different from those published thermally activated solid-state crystal growth of polycrystalline TiO 2 nanotubes. [20] [21] [22] An in-depth understanding the new reaction pathway of the rapid heating-trigged solid-state crystal formation is of scientifically importance and deserves a systematic investigation. We have proposed a hypothesis that the solid-state nanocrystal formation pathway under rapid heating conditions involves a rapid heating-trigged structural rupture to enable the initial nucleation within the amorphous nanotubular precursors and rapid growth basic building blocks, followed by an instant, drastic crystal growth by the adjacent building blocks through a relatively long-range diffusion. This work was therefore devoted to unveil the key questions of 4 this unprecedented solid-state crystal growth mechanism including (i) the rapid heating-trigged nanotubular structural changes and nucleation; (ii) the formation of basic building blocks and crystal growth; (iii) the origin of the significantly enhanced mass diffusion under temperatures that are far below the melting point and within a minute.
To help clarify these critical questions, we herein employed finite elemental analysis to simulate the rupture of the nanotubular framework into basic growth units. In-situ transmission electron microscopy (TEM) has been used to observe a rearrangement and oriented attachment of basic growth units onto a larger neighbouring nanocrystal. Our electron microscopic observation, experimental results and theoretical calculations have collectively confirmed that the unique solid-state crystal growth could be attributed to the triple role of the fluorine species that is release from the solid-state precursors upon the rapid heating: to create vacancies/defects that mediate the solid-state diffusion of growth units; to stabilize anatase (001) surface of anatase as a structural directing regent; and to promote the incorporation of nanoscopic agglomerates to crystal surfaces via the defluorination process. To the best of our knowledge, this is the first report successfully unveiling a unique, rapid growth of well-defined nanocrystals from amorphous precursor with diffusion enhancing groups upon via rapid thermal heating. The confirmed enhanced mass diffusion exemplified here might create promising avenues towards rapid, productive solid-state growth of diverse nanocrystals for a wide range of different domains of applications.
Experimental section
Synthesis of amorphous TiO 2 nanotubes: Amorphous TiO 2 nanotubes were synthesized by an electrochemical anodic oxidation method. Prior the anodization, pure Ti (99.9% purity, 5 China) foils (10 × 15 × 1 mm) were mechanically polished with abrasive papers of different grades, washed with ethanol for 5 min in an ultrasonic bath, and dried in air. All the chemicals were used as received without any further purification. Amorphous TiO 2 nanotubes were synthesized by using a two-electrode cell with pure Ti foil as the anode and platinum foil as the cathode. The anodization process was performed at 60 V in an electrolyte comprising 0.5 wt% NH 4 F and 1 ml H 2 O in 100 ml ethylene glycol for 1 h. All the experiments were carried out at 25 °C. After the formation of TiO 2 nanotubes, the as-prepared samples were immediately rinsed with ethanol and deionized water and then dried in air. Thermal treatments of the amorphous TiO 2 nanotubes were carried out in air using a muffle furnace (KSL-1200X, MTI Corporation, Hefei, China) at different preset temperatures. The defluorination reaction of anodized TiO 2 nanotube was carried out in 0.1 M NaOH solution for 5 h at the room temperature (25 o C) with stirring.
Synthesis of anatase TiO 2 single nanocrystals:
A rapid heating approach was used to treat the as-prepared amorphous TiO 2 nanotubes. A rapid heating approach is that the as-prepared amorphous TiO 2 nanotube samples are putting in the muffle furnace when it has been heating to the desired temperatures (250, 300, 350, 400, and 600 o C). The heating time is 10, 20, 30, 40, 50, 60, 90, 120, 180 s, respectively.
Material characterizations: Crystallographic structure of TiO 2 single nanocrystals was obtained with XRD (Bruker D8 X-ray diffractometer equipped with graphite monochromatic copper radiation Cu Ka operated at 40 kV and 30 mA). The morphology and crystal structure of the samples were characterized by field emission TEM and SAED (Tecnai G 2 F20 S-TWIN FEI with an accelerating voltage of 200 kV) and SEM (JSM-7100). Moreover, the crystal structure of the corresponding samples was characterized with Raman spectroscopy (Renishaw 100 system 6 Raman spectrometer using 632.8 nm He-Ne laser). The XPS results were acquired by using a Kratos Analytical Axis Ultra X-ray photoelectron spectrometer equipped with a monochromatic Al X-ray source (Al Kα, 1.487 keV). The C 1s was used as the charge reference with a binding energy of 284.8 eV. The diffusive reflectance spectra were collected with a Cary 300 UV-Vis spectrometer with an integrating sphere. Ti K-edge absorption spectra (EXAFS) were performed on the 1W1B beamline of the Beijing Synchrotron Radiation Facility, China, operated at ~200 mA and ~2.5 GeV. Ti metal foil, anatase and rutile powder were used as reference samples. All samples were measured in the transmission mode. In-situ heating experiments have been carried out in TEM (Tecnai G 2 F20 S-TWIN FEI) by using DENSsolution SH70 single tilt and NanoChip XT (SiN x window, T max =1300 C).
Phase-field simulation: Phase-field modeling of crack propagation in TiO 2 nanotube under rapid thermal treatment was studied in this section. Due to geometrical symmetry, a quarter of the tube is simulated. Although initial defects are not symmetric, they can be statistically considered as uniformly random inside nanotubes. In the framework of small deformation, we consider the total strain is composed of an elastic strain and an eigenstrain of thermal expansion.
Based on this model, we developed a three-dimensional phase-field model of crack propagation in the nanotube. Details on the mathematical model and the mechanical parameters of the model materials are given in the Supplementary note 1 (Supporting Information).
DFT calculations: All DFT computations in this study were performed by using the Vienna ab initio simulation package (VASP) based on the projector augmented wave (PAW) method.
The specific calculation details were discussed explicitly in Supplementary note 2 (Supporting Information). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure S2 and S3, Supporting Information), which is lower than the crystallization temperature at slow-ramp heating procedure. 27, 28 The structural transformation at different stages of the crystal growth was monitored with (Figure 2d ). In the meantime, it is evident that the nanotube walls start to loose and collapse, which is rationally 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Our electron microscopic observation clearly verifies a rupture of nanotubular structure during the crystal growth. To obtain insight into mechanical collapse of nanotubes to generate growth nanoparticles, we performed a three-dimensional phase-field simulation [29] [30] [31] on an amorphous nanotube based on the thermal-induced cracking model proposed by Bourdin et al. 32 ( Figure 3 ). As shown in Figure 3 and Video S1 (Supporting Information), the flaws initially evolve from the defects within the nanotube during thermal induced volume expansion and subsequently propagate along nanotubular wall to form cracks. Meanwhile, the stress within the nanotubular wall dramatically increases (red color in Figure 3 ). Minor cracks develop and merge into major cracks, and nanotubes are eventually broken into tiny nanoparticles, which are also observed at the initial heating stage by in-situ TEM (Video S2, Supporting Information).
Structural deformation and generation of cracks directly lead to a relief of strain energy, thus this predominant rupture phenomenon along the tube surface can be considered as a requirement to alleviate the stress among the nanotubular structure. It is expected that the collapse of initial amorphous atomic structure will induce intraparticle structural properties that eventually initiate the nucleation of anatase. 27 Indeed, space-confined nanocrystals grown from the inner wall of their amorphous precursors have been commonly observed in our samples (Figure 2d ). This surface-type nucleation is in strong contrast to the crystal growth in general slow-ramp heating crystallization where crystallization of anatase has been witnessed within the nanotubes or tube- 24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 support interface region. 33 This observation strongly implies that nucleation of the amorphous nanotube is mostly likely initiated from the nanotube wall surface, where the bond-breaking events (tube rupture with a release of water and hydrogen fluoride gas) are most intensive. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 multistep growth pathways (Figure 4c-j) : adjacent nanoparticles can physically orient by attaching with each other and coalesce at their interfaces to form larger aggregates (Video S4, Supporting Information). This is believed to meet the requirements of thermodynamically minimizing the surface energy driven by the large amount of heat. Also, as shown in Figure 3k , the interplanar spacing of the growth nanoparticle which attaches to the surface of a relative large crystal is identified as the (112) planes of anatase. It is further confirmed by the fastFourier transformed (FFT) images (inset of Figure 4k ). We also observe that adjacent nanoparticles on edge can attach and coalesce at their interfaces (marked by white arrows in Figure 4l ). Figure 4l also clearly shows that the lattice fringes around the attachment region demonstrate a certain extent of coherence between the nanoparticles (marked by white lines), indicating that the nanoparticles may be reoriented during rapid heating treatment, forced by the atomic coulombic interactions raised from the periodic atomic arrangement of the crystalline growth nanoparticle. 34, 35 However, we cannot eliminate the possibility that amorphous growth nanoparticles with lower atomic ordering may also attach and integrate into the adjacent crystals, especially at earlier stages of the crystal growth. Overall, the in-situ TEM images prove the formation and structural evolution of growth nanoparticles via mechanical breakdown and provides the evidences for coalesces onto crystal surface through an atomic rearrangement, and a further coarsening process on the interface of the as-attached nanoparticles to form large crystals.
There is no rutile phase has been detected during the crystal growth process. 36 To thoroughly understand how the growth nanoparticles attach to the F-terminated surface of anatase TiO 2 nanocrystal, we systematically examined the thermodynamics of the essential attachment steps using first-principles density functional theory (DFT) calculation. Based on the experimental results from EXAFS and XPS analysis, we constructed [TiF(OH) 3 ] tetrahedral 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 monomers with 4-fold coordinated Ti centre as the simplified structure to simulate the attachment processes of the basic growth nanoparticles to the crystal surface ( Figure S7 , Supporting Information). The calculated average reaction energies clearly demonstrate that the attachment processes and reactions between the monomers with formed crystal is thermodynamically viable considering the energy released from the collapse of nanotubular structure and also thermal energy under the rapid heating conditions ( Figure S8 , Supporting Information). Also, our results strongly support that the favorable adsorption of F can facilitate the attachment of the simplified structures such as monomers and dimers onto crystal surfaces and reduce surface energy to promote the isotropic {001} faceted growth. Moreover, DFT investigations confirm a continuous release of HF molecules from crystal growth front when monomers and dimers attach onto anatase (001) crystal surface ( Figure S9 -S12, Supporting Information), which is in consistence with the experimentally detected F species at all stages of the rapid thermally activated crystal growth.
In addition to the mechanical rupture process of the nanotube during rapid thermal treatment, defluorination is another essential step for nanotube collapse. To verify the key role of F species, we performed comparison rapid heating experiment using F-less amorphous TiO 2 nanotubes (obtained with NaOH washing prior to the rapid thermal treatment) as starting materials. The fluorine atomic concentration has been reduced from 15% to about 10% after the NaOH washing treatment (detected by EDS). In remarkable contrast to the ones shown in Figure   2 , TiO 2 polycrystalline particles without obvious regular morphology are yielded by rapidly heating amorphous F-less TiO 2 nanotubes, indicating that the isotropic crystal growth occurs with impaired diffusivity (Figure 5a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 range which can be attributed to the intrinsic band excitation, as shown in Figure 5c . Also, a wide absorbance in visible light/infrared region is due to the ionized impurity/oxygen vacancy 37 ( Figure 5d ). As shown in Figure 5c and d, red shift in visible light/infrared region has been observed in both samples which due to the extinction of oxygen vacancy during thermal treatment in air atmosphere. Distinctively, red shift of F-less samples is significantly retarded compared to the F-rich samples, strongly indicating that the rate of oxygen vacancy generation/extinction is remarkably slower. In Ti 2p XPS spectra (Figure 5e) , two peaks at binding energy of 458.9 and 464.7 eV are assigned to 2p 3/2 and 2p 1/2, respectively, of Ti 4+ in TiO 2 . 38 Moreover, there are obvious Ti 3+ signals (15 atom.%) in Ti 2p spectra of the sample obtained after 10 s rapid thermal treatment. The two peaks at binding energy of 457.9 eV and 463.2 eV are assigned to Ti 2p 3/2 and Ti 2p 1/2, respectively. 39 In O 1s spectra (Figure 5f ), the signal from oxygen species in bulk (crystal lattice oxygen in O-Ti 4+ , centred at about 529.8 eV)
is significantly reduced (~45%) compared to their surface counterparts (~55% in total), respectively. 40, 41 In addition, an oxygen species with binding energy of 533.0 eV is observed.
Together with a small proportion of species centered at ~531.9 eV, they have been previously assigned to the defects (vacancy). 42 These XPS results collectively show the formation of surface oxygen vacancies and reduction of titanium occurs even with very short period (10 s) of rapid thermal treatment. Indeed, without the concentrated oxygen vacancy, the mass transport of the basic nanoparticles of F-less samples is significantly blocked within the local amorphous matrix, leading to dominant growth of polycrystalline products with abundant grain boundaries. The present result successfully demonstrates an oriented crystal growth from solid state precursor via rapid thermal treatment exemplifying the robustness by using highly concentrated vacancies/defects as enhanced diffusion promoter. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 This study has revealed a unique crystal growth pathway in amorphous TiO 2 nanotube precursor. At the first stage of the rapid thermal heating, the nanotubular matrix with fluorine and hydroxyl groups has been converted into nanoparticle agglomerates via mechanical rupture process, which has been confirmed by the above-mentioned phase-field simulation, in-situ heating experiment and XPS results. Nucleation within the amorphous matrix occurs from increasingly intensive collision between adjacent agglomerates. This is followed by dominant oriented growth of the nuclei via an enhanced mass diffusion of nanoparticles driven by the surface tension. 43 It has been reported that diffusion is enhanced with much lower activation energy during rapid thermal heating. 44 In this work, the nanoparticles could be crystalline or amorphous as shown in the electron microscopic results though in general activation energy of diffusion in amorphous materials is supposed to be lower than that of the crystalline counterparts. 45 The enhanced mobility of the nanoparticles is considered to be closely related to their (F, OH)-rich chemical composition. Firstly, the removal of F from the matrix during rapid heating will create considerable amount of oxygen vacancies or defects within the structure (justified by the UV-visible absorption spectra below). The vacancies or defects, rich in dangling and floating bonds, are regarded as the diffusing species that could decrease the diffusion barrier and increase the self-diffusion rate within the matrix through successive rebounding events at the interface. 46 Also, the rapid rise in temperature will promote a production of divacancies 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 (agglomerates of two vacancies), whose mobility is higher than the monocavancies. 47 Secondly, during rapid heating, hydroxyl groups of the nanoscopic agglomerates can migrate to the curved surface and create oxygen and titanium vacancies during the movement to neighboring sites (surface diffusion). 48, 49 Thirdly, the oxygen vacancies can be generated in reducing atmosphere at high temperature which improves volume transports in nanotube walls 14 . With such remarkably enhanced diffusivity, the nanoparticles are continuously coalesced onto the previously formed nuclei via oriented attachment guided by the F species evolved from the matrix upon rapid heating to generate {001} faceted nanocrystals. Thus, the F species in the amorphous matrix can not only facilitate the diffusivity by creating vacancies/defects, and stabilize anatase (001) surface of anatase to become a structural directing regent 10 , but also promotes the incorporation of nanoparticles to crystal surfaces via the defluorination process validated by the DFT calculations. The enhanced diffusion is generally terminated until the defects/vacancies are annihilated within the domain or clustered to form dislocation within the TiO 2 nanocrystals.
Conclusions
Well-defined, high-purity anatase nanocrystals have been synthesized by rapid heating of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 growth nanoparticles to crystal surfaces via a defluorination reaction. Moreover, the abundant oxygen vacancies formed during the rapid heating treatment could facilitate the mass transfer for growth of anatase single nanocrystals. This growth model we identified therefore can contribute to the understanding of transformation processes that typically occur in the solid-state precursors.
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Synopsis:
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